Abstract-This paper introduces a combination of two proposed efficiency improvement techniques for a microinverter with current mode control zero-voltage switching output stages. The first technique is dynamic dead-time optimization wherein pulse width modulation dead times are dynamically adjusted as a function of load current. The second method is advanced phase skipping control which maximizes inverter efficiency by controlling power on individual phases depending on the available input power from the photovoltaic source. Neither of the techniques requires any additional circuit components and both can be easily implemented in digital controller firmware. The two techniques were designed and implemented in a 400-W three-phase microinverter prototype. The experimental results validate the theoretical analysis of these techniques and demonstrate that a significant efficiency improvement can be achieved by combining the two proposed control techniques.
I. INTRODUCTION

M
ICROINVERTERS with typical power levels from 200 to 400 W are widely used in a photovoltaic (PV) system architectures due to improved energy harvesting, high reliability, and simple installation. Employing high switching frequency and soft-switching techniques reduces cost by reducing the size of passive components and improves efficiency by decreasing switching losses. Soft switching can be improved by minimizing MOSFET body diode conduction time. Fig. 1 depicts a single-phase half-bridge inverter with a controller providing duty cycles and dead times for the MOSFETs. The inverter MOSFET gates are driven by alternating pulse width modulation (PWM) signals so that when one MOSFET is ON, the other is OFF. Dead time is the state where both MOSFETs are OFF and one MOSFET's body diode is conducting. Since body diode conduction losses are higher than MOSFET conduction losses, efficiency is maximized when body diode conduction time is small. Body diode conduction time is directly proportional to dead time; therefore, it is advantageous to select a dead-time value that minimizes body diode conduction time without resulting in shoot-through current. Excessive dead time can also have a negative impact on inverter efficiency especially at higher operating frequencies where it is a large percentage of the conduction time. Typically, a fixed dead time is determined based on the worst-case operating conditions such as load, voltage, and temperature variations. The body diode conduction loss can be approximated as follows:
where V DS is drain-to-source voltage or the diode forward voltage drop, I L is inductor current during the dead times, t d1 and t d2 are turn-on and turn-off dead times, respectively, and f sw is switching frequency. Referring to (1) , it can be seen that excessive dead time increases the body diode conduction loss due to the diode's forward voltage drop. A number of research papers on PWM dead-time optimization (DTO) for various buck-derived topologies have been published [1] - [10] .
Switching current sensing was proposed in [1] for buck converters to measure the current flowing through the synchronous MOSFET and detect shoot-through current. When shoot through occurs, the dead times must be increased. However, this method requires high bandwidth sensors for current measurement which makes its implementation difficult and adds cost.
Switching voltage sensing is subdivided into the adaptive [2] - [4] and predictive [5] - [7] types. Adaptive control measures the switching voltage across the synchronous rectifier and adjusts the dead times accordingly. Predictive control uses the information from the previous switching cycle to adjust the dead times in the current cycle. Although the experimental results show a significant reduction in body diode losses, these control methods require additional circuit components which drive cost up and decrease reliability. Therefore, sensorless optimization methods have been proposed that do not require additional components.
Sensorless DTO for dc-dc converters was proposed in [8] based on maximum power point tracking (MPPT). This method optimizes the dead time by indirectly measuring the efficiency of the converter. Another sensorless DTO method proposed in [9] optimizes the efficiency by minimizing the duty cycle in dc-dc converters. This method is able to optimize both turnon and turn-off dead times. A perturb and observe algorithm was proposed in [10] to detect dead time resulting in maximum efficiency.
Several methods have been proposed to overcome the dead time issues in inverters. A correlation-based control technique was introduced in [11] to optimize dead time in motor drive inverters. The algorithm dynamically minimizes the input current resulting in minimum power loss. The technique proposed in [12] compensates for the effect of dead time by adjusting the switching frequency in sinusoidal pulsewidthmodulated voltage-source inverters. Another dead-time compensation method was presented in [13] based on harmonic analysis and filtering of the voltage distortion produced by deadtime effects by adding a predetermined compensation signal to the voltage reference in ac motor drives. However, this method requires extra components which increase the cost and circuit complexity.
The method introduced in [14] improves total harmonic distortion (THD) and the magnitude of the inverter output voltage by preventing the unnecessary dead time. Another switching strategy for PWM power converters was proposed in [15] on the basis of using independent ON/OFF switching action according to the current polarity. As long as the current polarity does not change, the dead time is not needed. These methods can be affected by detection circuit delay, harmonics and A/D converter errors.
In three-phase inverters and microinverters, it is advantageous to operate at or close to rated power where efficiency is the highest. However, when power levels drop, the available power is distributed evenly among the three phases. This results in reduced efficiency because load-independent loss will become a bigger portion of the overall losses. In single-phase inverters, techniques such as pulse skipping [16] are commonly employed in an effort to improve light-load efficiency. This method is not predictable and can become problematic in large installations. In this paper, two control techniques are introduced both of which improve efficiency in three-phase inverters and microinverters. The first proposed technique is dynamic DTO wherein PWM dead times are dynamically adjusted as a function of load current. The PWM dead times are calculated by sensing the grid voltage which is also used for duty cycle calculation. The second proposed method is advanced phase skipping control which distributes power on individual phases depending on the available input power from PV source. In this paper, these two proposed control techniques are combined to develop a hybrid algorithm. Neither technique requires any additional components and both can be easily implemented in digital controller firmware. The two control algorithms were designed and implemented in a 400-W three-phase microinverter prototype. The prototype consists of a step-up dc-dc converter first stage which is directly connected to a single 400-W PV panel. The output of the dc-dc converter provides a 400-V dc-link voltage. The experimental results confirm that a significant efficiency improvement can be achieved using the proposed hybrid digital control algorithm. It is notable that dynamic DTO also improves light-load THD in inverters using boundary conduction mode (BCM) zero-voltage switching (ZVS) current control. This paper first analyzes the operation principle of a ZVS BCM inverter. The first proposed technique, dynamic DTO, is presented in Section III. The effects of circuit component nonlinearities on this method are taken into account in Section IV. The simulation results in Section V verify the viability of the control technique. The second proposed technique, advanced phase skipping control, is discussed in Section VI. The experimental results in Section VII demonstrate practical implementation of the proposed hybrid digital control algorithm. The conclusion is presented in the last section.
II. ZVS BCM CURRENT CONTROL OF A THREE-PHASE GRID-TIED INVERTER
Fig. 2 depicts a standard three-phase half-bridge grid-tied inverter. MOSFET body diodes and parasitic capacitors play an important role when implementing ZVS in an inverter output stage. In order to achieve ZVS, the bidirectional current flow discharges the MOSFET parasitic capacitor and then the body diode conducts prior to each switching transition to apply zero voltage across the MOSFET.
Although the three phases operate independently, it can be assumed that the system is balanced. Therefore, the analysis can be performed on one of the three phases. In order to simplify the analysis of the inverter stage, steady-state operation is assumed with the output voltage equal to the grid voltage. The output voltage is considered to be constant during one switching period of the output stage due to the large difference between the inverter switching frequency and the grid frequency.
Interval 1 (t 1 − t 3 ): In this interval, as shown in Figs. 3 and 4, the upper switch (S 1 ) is ON while the lower switch (S 2 ) is OFF. Since voltage across the inductor is positive, the inductor current is linearly increasing. The inductor current can be calculated as follows:
Interval 2 (t 3 − t 4 ): In this interval, the inductor current reaches the upper limit and then the upper switch (S 1 ) is turned off. As shown in Fig. 3 , both switches are OFF and the parasitic capacitors of the MOSFETs S 1 and S 2 are being, respectively, charged and discharged by the inductor current. This interval is the resonant interval, and the inductor current and parasitic capacitors voltage can be calculated as follows: where ω o , the natural resonant frequency, and Z o , the characteristic impedance of the resonant tank, are, respectively, defined as follows:
Interval 3 (t 4 − t 6 ): In this interval, as soon as the parasitic capacitors of the MOSFETs S 1 and S 2 are fully charged and discharged, respectively, and the voltage on C 2 is zero, the body diode of MOSFET S 2 (D 2 ) starts conducting at t 4 . Therefore, zero voltage is applied across MOSFET S 2 and it is ready to be turned on under ZVS condition. At t 5 , the lower switch (S 2 ) turns on and the inductor current flowing through the body diode is transferred to the switch (S 2 ).
During this interval, since voltage across the inductor is negative, the inductor current is linearly decreasing and can be approximated as follows:
Intervals (t 6 −t 7 ), (t 7 − t 8 ), and (t 8 − t 9 ) are similar to intervals 1, 2, and 3, respectively.
For ZVS BCM control implementation, the upper and lower boundaries of the inductor current need to be determined so that the inverter injects only ac current to the grid. Therefore, the average output current must be equal to the reference current during each switching cycle.
There are three possible inductor current modulation methods satisfying this requirement: BCM with fixed reverse current, BCM with variable reverse current, and BCM with fixed bandwidth. Experimental results from the 400-W three-phase microinverter prototype in [17] and [18] show that the maximum efficiency can be achieved in BCM with fixed reverse current modulation. Fig. 5 depicts the upper and lower boundaries of BCM with fixed reverse current modulation along with the average inductor current. For the positive half cycle, the upper boundary is determined so that the average current is equal to the reference current during each switching cycle, while the lower boundary provides the reverse current to discharge the MOSFET parasitic capacitors in order to achieve ZVS during each switching period.
Similarly, for the negative half cycle, the upper limit provides ZVS for the MOSFETs and the lower limit produces the reference current. It can be seen that the average current is equal to the reference current. The upper and lower boundaries for this inductor current modulation can be calculated as follows: and from negative to positive on negative half cycles, ZVS is realized. The power dissipation during this interval is a function of the amount of time that the ZVS MOSFET's body diode is conducting. This time is determined by the amount of fixed dead time provided by the controller.
With fixed dead-time control, a constant value of dead time is applied for both turn-on and turn-off transitions throughout the entire grid cycle. The dead times must be long enough to achieve ZVS by allowing the inductor current to fully charge and discharge the MOSFET parasitic capacitors. The required dead time can be calculated as follows:
where C is the MOSFET parasitic capacitors, V dc is the voltage on the MOSFET parasitic capacitors, and I o is the minimum worst-case reverse inductor current.
III. DYNAMIC DEAD-TIME OPTIMIZATION
The dead-time interval consists of the resonant interval and the body diode conduction time. Dynamic DTO minimizes the MOSFET's body diode conduction time during the dead-time interval [19] . The resonant intervals (t 3 − t 4 ) and (t 7 − t 8 ) are shown in Fig. 6(a) and (b) , respectively. During the first resonant interval (t 3 − t 4 ), turn-on dead time, the MOSFETs parasitic capacitance voltage can be calculated as follows:
Similarly, during the second resonant interval (t 7 − t 8 ), turnoff dead time, the MOSFETs parasitic capacitance voltage can be determined as follows:
(9) Referring to Fig. 6 , if the voltage at the switch node "a" is known, the voltage on the MOSFET parasitic capacitors can be determined. The switch node voltage V aN (t) during dead time is given by
Using (8)- (10), the switch node voltages, V aN1 (t) and V aN2 (t), during the turn-on dead time (t d1 ) and turn-off dead time (t d2 ) can be calculated as follows, respectively:
where t d1 and t d2 are t 4 − t 3 and t 8 − t 7 , respectively.
IV. EFFECTS OF CIRCUIT COMPONENT NONLINEARITIES
Device parasitic capacitances are inherent due to semiconductor physics and have a nonlinear nature. These nonlinear capacitances have a negative impact on switching transition times and therefore on switching loss. A nonlinear capacitor can be modeled by a linear equivalent [20] , [21] or circuit simulators [22] , [23] .
During each resonant interval, the MOSFET parasitic capacitance voltage (V CS ) transitions from 0 V to V dc or vice versa depending on the switching edge. For example, in Fig. 6(a) , the upper MOSFET's parasitic capacitor voltage (V CS1 (t)) transitions from 0 V to V dc , while V CS2 (t) transitions from V dc to 0 V. V CS1 (t) and V CS2 (t) are defined by (8) . During these transition times, the MOSFET parasitic capacitance varies with the value of V CS1 (t) and V CS2 (t). This capacitance can be expressed as Therefore, the definition from (4) can be rewritten as follows:
Fig . 7 demonstrates the variation in C OSS for a Fairchild FCB20N60F MOSFET extracted from the device datasheet and fitted to a curve using discrete data points. Referring to the figure, the value of the capacitance drastically drops when V ds increases from 0 to 50 V, whereas it has a relatively constant value for voltages greater than 50 V.
The nonlinear nature of the MOSFET output capacitance has been taken into account in computing optimum dead times in (11) and (12) . In both simulated and experimental results, the dc-link voltage was set at 400 V. Therefore, the nonlinear voltage-dependent capacitance must be charged and discharged from 0 V to 400 V.
Virtually all inductors used in power filter circuits exhibit a decrease in inductance with increasing current. This inductance decrease is often nonlinear and varies with core material and magnetic circuit structure. Fig. 8 shows the inductance versus dc current for a 270 μH, 4 A gapped ferrite inductor. Fig. 9 shows Z o versus dead time at peak current and full load with both fixed and variable inductance values. It can be seen in the figure that a varying inductance value has a minimal effect on the value of Z o and consequently from (11) and (12) an insignificant effect on dead time when compared to the effect of the nonlinear parasitic capacitance of a MOSFET.
Optimum dead time is calculated for each switching cycle iteratively as opposed to fixed dead time where one dead-time value would be selected for all operating points. Equations (11) and (12) were implemented in MATLAB. t d1 and t d2 were incremented in 1 ns steps to yield a range of optimum dead-time values for switch node voltages between +200 and -200 V for each switching cycle. Fig. 10 shows optimum dead times calculated using (11) and (12) during positive and negative half cycles for the 400-W three-phase microinverter prototype operating at full load, given the fact that V aN1 (t) transitions from V dc /2 to −V dc /2 and V aN2 (t) transitions from −V dc /2 to V dc /2. The fixed dead time for this prototype was set at 530 ns for both turnon and turn-off transitions. The MOSFETs used are Fairchild FCB20N60F with V dc = 400V and a 270 μH gapped ferrite output filter inductor.
For positive half cycles, the optimum turn-on dead time (t d1 ) varies with changes in output current due to the fact that the upper boundary in BCM is sinusoidal, while the optimum turnoff dead time (t d2 ) varies only slightly with load variations due to the fixed reverse current in BCM modulation. Similarly, during negative half cycles, t d1 varies slightly and t d2 changes with output current.
V. SIMULATION RESULTS
In order to verify the proposed dynamic DTO technique, linear technology's LTspice simulation software was used to simulate a half-bridge single-phase 130 W inverter operating with BCM ZVS current control. The simulation circuit parameters are as follows: dc-bus voltage 400 V, ac grid voltage 120 V rms, 60 Hz, inductor value 270 μH and switching frequency range 20-185 kHz. The high frequency current in the filter inductor with 60 Hz modulation is shown in Fig. 11 . Fig. 12 shows filter inductor current, MOSFET gate drive voltages, and switch node voltage (V aN ) with a fixed turn-on and turn-off dead time of 300 ns at the peak of the grid current.
The simulation waveforms in Fig. 13 depict how dynamic DTO independently changes the gate drive turn-on and turnoff dead time. Once the MOSFET parasitic capacitors are fully charged/discharged, the dynamic DTO controller enables the gate drive, thereby minimizing MOSFET body diode conduction time.
VI. ADVANCED PHASE SKIPPING CONTROL
Advanced phase skipping control maximizes the output stage efficiency of a three-phase microinverter by managing the amount of power on each phase based on the available power [24] . The available power is determined by the PV-side MPPT controller.
In an advanced phase skipping system, there are three possible modes of operation: normal three-phase mode, two-phase mode, and single-phase mode. The controller transitions between these three modes in order to maximize inverter efficiency. Based on the available power, the controller can disable one or two phases of the three-phase system. At power levels above twothirds of rated power, all three phases are enabled. At one-third to two-thirds of rated power, the controller disables one phase. At power levels below one-third of rated power, the controller enables only one phase. It should be noted that in single and twophase modes, the ripple current in the dc-link capacitor will be considerably higher. This problem is mitigated by the fact that in this mode the power level is much less and the controller can compensate for this by adjusting the dc-link voltage to ensure that there is enough headroom to run the output stage.
Available power may vary over a wide range during a typical day due to environmental factors such as clouds and shading as well as low irradiance during morning and afternoon. During times when available power is low, the three-phase microinverter will most likely be operating in single-phase mode. As available power increases during the day, the controller will enable two and eventually all three phases and distribute power evenly in each phase in order to maximize overall system efficiency.
Unlike phase shedding techniques employed in multiphase converters commonly used in voltage regulator modules and interleaved power factor correction circuits, in an advanced phase skipping system, the overall number of operating phases does not change and in fact this control technique is used to maintain three-phase system balance. Actual phase skipping is done at the microinverter level in order to maintain the integrity of all three phases at the system level. Three-phase power imbalance has been addressed in [24] and is outside of the scope of this paper. However, the overall strategy would require a systemlevel controller to dynamically manage the power from each microinverter to ensure that power imbalance between the three phases is minimized.
VII. EXPERIMENTAL RESULTS
Experimental results were obtained from a 400-W threephase half-bridge microinverter prototype using two different manufacturer's MOSFETs for switching devices. The MOSFETs specifications are included in Table I for reference. MOSFETs with large differences in C OSS were chosen for this work in order to demonstrate the effectiveness of the proposed dynamic DTO for a wide range of MOSFET parasitic capacitors. The DSP used is a Microchip dsPIC33FJ16GS504. The The microinverter was tested in four different modes of operation: normal operation (with fixed dead time and no phase skipping), with dynamic DTO only, with advanced phase skipping control only, and with both dynamic DTO and advanced phase skipping control.
Figs. 17 and 18 show the efficiency measured with a Yokogawa PZ4000 power analyzer for each of the microinverter operating modes for FCB20N60F and STB21N65M5 MOSFETs, respectively.
Referring to the efficiency figures, it can be seen that both manufacturer's MOSFETs exhibited similar performance with respect to each of the four microinverter operating modes. Efficiency was the lowest over the entire load range when the microinverter was operated in normal mode for both manufacturer's MOSFETs. A noticeable improvement in efficiency was achieved by implementing dynamic DTO. Efficiency improvement was the highest at light loads where switching frequency is maximum. Implementing advanced phase skipping control also resulted in significant efficiency improvement especially at light loads. The best efficiency was realized with a combination of dynamic DTO and advanced phase skipping control. CEC weighted efficiency is shown in Table II for both manufacturer's MOSFETs and for each mode of operation. Combining dynamic DTO and advanced phase skipping control produced an additional 1.5 percentage points in CEC efficiency for FCB20N60F MOSFET and 2.3 percentage points in CEC efficiency for STB21N65M5 MOSFET. It is worth noting that neither of the two efficiency improvement techniques described in this paper requires any additional circuit components. Therefore, reliability and cost will not be negatively impacted and in fact reliability will be improved due to lower operating junction temperatures. Although advanced phase skipping control is applicable only to three-phase inverters and microinverters, dynamic DTO will improve efficiency of both three-phase and single-phase inverters and microinverters that employ soft-switching techniques such as BCM ZVS current control.
VIII. THD IMPROVEMENT WITH DYNAMIC DTO
Since optimizing the dead time minimizes inductor current excursion beyond the upper and lower fixed reverse thresholds in BCM ZVS current control, an improvement in THD is realized. Fig. 19 shows output current and inductor current at 80 W with fixed dead time. It can be seen that the reverse current threshold is not constant and in fact varies with the peak current. This anomaly tends to increase THD by subtracting from the output peak current. The THD in Fig. 19 is 7.78% measured with a Yokogawa PZ4000 power analyzer. This effect is more significant at light loads since the fixed dead time becomes a larger portion of the switching period.
Identical conditions with implementation of dynamic DTO control are shown in Fig. 20 . The anomaly shown in Fig. 19 is greatly reduced due to the fact that dead time is now proportional to the switching period resulting in a much improved THD of 4.74%.
IX. CONCLUSION
In this paper, two efficiency improvement techniques were introduced and implemented in a three-phase microinverter. Practical implementation of these two techniques was verified by experimental results on a 400-W three-phase microinverter prototype. It is very important to note that no additional circuit components are required and the techniques can be implemented entirely in the digital controller firmware.
Dynamic DTO minimizes MOSFET body diode conduction time which reduces power dissipation. Therefore, reliability will be improved due to lower operating junction temperatures. THD will also be improved in inverters using BCM ZVS current control. This technique can be digitally implemented on three-phase and single-phase inverters and microinverters that employ softswitching techniques. Advanced phase skipping control is applicable to three-phase inverters and microinverters. Depending on the available input power from the PV source, this control method features distributed power to individual phases so that the maximum dc/ac stage efficiency of the three-phase microinverter is achieved. The experimental results show that the proposed hybrid digital control algorithm which combines dynamic DTO and advanced phase skipping control can significantly improve the CEC efficiency of a 400-W three-phase half-bridge microinverter prototype.
For future work, dynamic DTO could be applied to other application areas such as power supplies and motor controllers. Advanced phase skipping control implementation requires the development of a system-level master controller in order to maintain a balanced three-phase system.
